Abstract. Healthy human colon samples were analyzed ex vivo with a multispectral imaging Mueller polarimeter operating from 500 to 700 nm in a backscattering configuration with diffuse light illumination impinging on the innermost tissue layer, the mucosa. The intensity and polarimetric responses were taken on whole tissues first and after progressive exfoliation of the outer layers afterwards. Moreover, these measurements were carried out with two different substrates (one bright and the other dark) successively placed beneath each sample, allowing a reasonably accurate evaluation of the contributions to the overall backscattered light by the various layers. For the shorter investigated wavelengths (500 to 550 nm) the major contribution comes from mucosa and submucosa, while for the longer wavelengths (650 to 700 nm) muscular tissue and fat also contribute significantly. The depolarization has also been studied and is found to be stronger in the red part of the spectrum, mainly due to the highly depolarizing power of the muscular and fat layers.
Introduction
Gastrointestinal malignancies are one of the leading causes of cancer-related deaths. Of gastrointestinal malignancies, colorectal cancer is the fourth most commonly diagnosed cancer in the world, and it is more common in developed countries. 1 Cancers that are confined within the colon wall are often curable with surgery, whereas cancer that has spread widely around the body is usually incurable and management then focuses on extending the person's life via chemotherapy and improving his/her quality of life. Therefore, many studies have been done to diagnose cancer at its early stage. [2] [3] [4] [5] [6] [7] Studies at more advanced stages, however, may be useful as well. Proper cancer staging is very important to assess the appropriate medical treatment after surgery to increase the patient's survival time. Most colorectal cancers are staged after pathologic examination of the surgical resection specimen. 8 This is a tedious and difficult work that typically involves the preparation and microscopic examination of many slides and requires a lot of time and professional skills. Being fast, noninvasive, or minimally invasive and inexpensive, optical imaging techniques have been attracting much attention for biomedical diagnostics. [9] [10] [11] [12] [13] [14] [15] Such techniques thus seem to have great potential to improve the efficiency of the staging procedure.
In previous experimental 16, 17 and numerical 18, 19 studies, we showed that multispectral Mueller imaging can provide useful contrasts for ex vivo human colon cancer in the advanced stages and allows different histological variants of the tumor to be distinguished. Budding zones, characterized by very thick cancer layers with high cellular densities, are less depolarizing than healthy regions for all investigated wavelengths (500 to 700 nm), whereas ulcerated zones exhibit a response similar to that of healthy tissue, especially at longer wavelengths (650 to 700 nm). These results suggested that in budding zones, the light beam interacts predominantly with the superficial cancer layer for all used wavelengths. Conversely, in ulcerated zones where the cancer is not as thick, the light beam probably interacts predominantly with healthy deeper layers, especially at longer wavelengths.
Though the explanation of the experimental trends outlined above seems quite intuitive, a better assessment of the contributions of the various tissue layers in the light backscattered by a typical colon sample is clearly necessary. To this end, in this study we measured the overall intensity and polarimetric responses of healthy colon samples when the outer layers were progressively exfoliated. These measurements were carried out with two different substrates, black and white paper. Black paper is used for a direct characterization of the contributions of the light directly scattered within the sample, and white, for the light traversing the sample and backscattered through it by the substrate.
Methods

Experimental Setup
A schematic of the multispectral imaging Mueller polarimeter used in this study is shown in Fig. 1 and is an upgraded version of that described in Refs. 20 and 21. A halogen lamp and a fiber bundle are used to illuminate the sample. The illumination beam passes through a telescopic set of lenses with its iris placed in common focus, a telecentric configuration that images the output of the fiber bundle inside the Polarization State Generator (PSG), with a subsequent image of the source on the sample that we want to analyze. The PSG, obtained by using a polarizer together with two nematic liquid crystals with fixed axes and variable retardations, modulates the polarization of the incident beam. A Polarization State Analyzer (PSA), obtained with the same optical elements of the PSG assembled in reverse order, is used to analyze the backscattered light. Using the telecentric system of the PSG allows a spatially uniform polarization of the beam to be obtained over the field of view; this can eliminate artifacts caused by positioning of the sample. To image the object under study in the backscattering configuration, we used a CCD camera (resolution 256 × 256 pixels). A closeup lens coupled with the zoom of the camera allows the observation window to be changed from 4 to 25 cm 2 . The wavelength was varied from 500 to 700 nm in steps of 50 nm by use of 20-nm-wide interference filters. Finally, a metallic plate was used to measure W and A matrices characterizing respectively PSG and PSA.
The sample was placed on an entirely transparent glass. Through a system of rails, the glass along with the sample can be displaced in space in the x, y, z directions. Using this experimental setup we analyzed each layer of colon with different substrates under the same experimental conditions, with the natural deformations of the sample being negligible during the time of measurement. The size of the observed window was kept equal to 4 cm 2 .
Procedure
The colon has a tubular structure composed of different layers with different microscopic properties. From the innermost to outermost, the layers are mucosa, submucosa, muscular tissue (formed by circular muscular tissue and longitudinal muscular tissue), pericolic tissue (formed predominantly by fat), and serosa.
As mentioned above, we measured the Mueller matrix of various colon samples deposited on two different substrates in backscattering geometry. Whole colon was measured first. Then the fat tissue was removed and the Mueller matrix measurements were done on fat tissue alone and on the remaining part of the sample (i.e., the superposition of mucosa, submucosa, and muscular tissue). Last, muscular tissue was separated from the mucosa and submucosa, and Mueller matrices of muscular tissue and the combination of mucosa and submucosa were measured. Each sample was measured above substrates of white paper and black paper. Here the white paper is called "Lambertian," as it features high albedo and a diffuse (nearly cosine) angular distribution of the backscattered light no matter how it is illuminated, and the latter is termed "absorber."
Our raw experimental data essentially consist of non-normalized Mueller matrix images with N ¼ 256 × 256 pixels. For such a matrix M k , where k identifies the pixel, the generic elements are written as M k ij and i and j vary between 1 and 4. We point out that the elements M k 11 are not calibrated: these elements thus provide the overall reflectivity of the imaged object at pixel k for incident unpolarized light in arbitrary units. These units may vary with wavelength as a result of the spectral variation of the illumination intensity and/or the CCD sensitivity, among other factors.
Throughout this work, we consider spatial averages of the raw data, to eliminate as much as possible the effects of sample inhomogeneities, such as variations in thickness. As a result, for the generic matrix image M k considered above, we denote its spatial average by m, whose elements are
In the following, we also consider the matrices μ, whose generic elements are those of m normalized by m 11 :
3 Results and Discussion
Measurements on Bare Substrates
The Mueller matrices of the Lambertian and absorber alone, respectively, are M k;A and M k;L , and their averages are m A and m L . Figure 2 shows the intensity data, in the form of unnormalized m 11 , for both types of substrates. As has already been mentioned, the overall normalization factor, related to the illumination intensity and CCD sensitivity, depends on the wavelength. However, condition m L 11 ≫ m A 11 was satisfied for all investigated wavelengths.
We define the sample reflectivities r A ðλÞ and r L ðλÞ for incident unpolarized light as (typical of backscattering by particles smaller than λ), was satisfied for all wavelengths. The Lambertian was more depolarizing than the absorber for both linear and circular incident polarizations as
3.2 Measurements of Colon Samples
Intensities measurements
As outlined in Fig. 4 the unnormalized Mueller matrix M C of the system comprising the colon sample and the substrate can be written as the incoherent sum of three terms:
where M C;B is the contribution of the light (blue line in Fig. 4 ) directly backscattered by the colon sample, without reaching the substrate; M C;S with S ¼ A, L is the contribution of the light (red line in Fig. 4 ) scattered by the sample and the substrate; and M C;R is the contribution of specular reflections (black lines in Fig. 4 ) of the surface. As we analyzed only those zones where specular reflections were negligible, we consider M C;R ¼ 0.
The mean values of the first element of the M C;B and M
C;S
Mueller matrices can be written as
where I 0 is the intensity of illuminating light; s 0 ; t 0 ∈0; 1½ are, respectively, the reflectivity and transmittance of the analyzed sample for the incident light; s; t ∈0; 1½ are, respectively, the reflectivity and transmittance of the sample for light diffused by the substrate; andr S ∈0; 1½ is the reflectivity of the substrate for the light diffused by the sample. As transmittance and reflectivity generally depend on the angle of incidence of impinging light, we have to consider s 0 ≠ s and t 0 ≠ t, as the light touching the substrate is mainly diffused by the sample and is thus much less directional than the illumination beam. For the same reason, the reflectivity of the substrate when the sample is present (r S ) is different from its counterpart without the sample (r S ).
Equation (5) shows that r A is small, and so certainlyr A is as well. Hence s 0 ≫ t 0 tr A and the matrix M C;B is approximately equal to the measured matrix M C with the absorber as a substrate. On the other hand, with the Lambertian substrate the value of r L [from Eq. (1)] is not small; therefore, the term t 0 tI 0rL cannot be neglected. We assume, however, that for n ≥ 2 the terms t 0 tI 0 s nrnþ1 L are negligible. Hence
By subtracting Eq. (9) from Eq. (11), we immediately find that
which can be considered a good estimate of the light that passes through the sample, touches the substrate, is scattered back by the substrate, and again passes through the sample and is detected.
The different samples are coded as
• "1" for the layer composed of mucosa and submucosa;
• "2" for the combination of mucosa, submucosa, and muscular layer;
• "3" for the whole colon;
• "4" for the muscular layer; and
• "5" for the fat layer. increase with wavelength, as shown in Fig. 5 . We pointed out that these quantities are given in arbitrary units that depend on the wavelength. However, the overall relative increase of m C;B 11 and m C;S 11 from 500 to 700 nm is much larger than that observed for the Lambertian alone (Fig. 2) . As a result, we can safely conclude that the reflectivities of all samples for both the directly and indirectly scattered light do increase with wavelength. For m C;B 11 , the trend is caused by an increase in the average number of scattering events suffered by the photons, as light penetrates deeper into the layers. This increment is larger for whole colon (sample 3) than for the mucosal layer (sample 1) because for the former, longer wavelengths may penetrate into the deeper layers (e.g., muscular and fat) and then backscatter, while these layers are absent for sample are unnormalized quantities, the data shown in Fig. 5 can be used to compare the different layers at each given wavelength. To this end, we normalize the directly backscattered intensity m C;B 11 for samples 1 and 2 by the analogous quantity measured on sample 3 (whole colon). The results are shown in Fig. 6 .
These results clearly show that at shorter wavelengths (500 to 600 nm) the main contribution to the directly backscattered light is coming from layer 1 (mucosa and submucosa) because the ratio was observed to be almost the same (≈66%) as for layers 1 and 2 (at 500 nm the difference is less than 5%). As a result, muscular layer seems to have negligible contribution to the total detected backscattered light at shorter wavelengths. Two effects may account for this behavior: first, the absorption of hemoglobin, because of which the light passes through the sample, may be partially absorbed, and second, the scattering (by the muscular layer) may be more forwardly directed. Conversely, at higher wavelengths (650 and 700 nm) deeper layers like the muscular and fat layers too have a contribution in the total detected backscattered light. At these wavelengths blood has the least absorption (∼680 nm) 22 so less light will be absorbed, and second, the fat layer, which behaves like a Rayleigh scatterer, will have backscattering that more effectively contributes to the total detected backscattered light.
Depolarization measurements
The depolarization behavior of the different layers was also studied. In Fig. 7 we plot the values of normalized diagonal elements μ ) exhibit a peak at 550 nm, followed by a slow decrease with increasing wavelength from 500 to 700 nm. In other words, the depolarizing power is at its minimum at 550 nm and increases with increasing wavelength. This trend is related to hemoglobin absorption (which is maximum at 550 nm among the used wavelengths 22 ), so photons that suffer large scattering events (more depolarized) are absorbed and less scattered (less depolarized) photons are detected, hence resulting in lower depolarization. Sample 2 is quite close to sample 1 in the green part of the spectrum, while it becomes more similar to sample 3 (whole colon), with a stronger depolarization in the red part. These trends are consistent with previous results on intensities: in the green, mucosa and submucosa is the dominating layer, and in the red, the muscular tissue too exhibits a significant contribution to the backscattering, and this contribution is clearly strongly depolarized. Strong depolarization was also observed on sample 4 (muscular layer) and sample 5 (fat layer) at all wavelengths.
The same trends are observed on the bottom panel of Fig. 7 as are observed on the top panel of Fig. 7 , which respectively describe depolarization for circularly (bottom) and linearly (top) polarized illuminations. However, depolarization is always larger for circular than linear polarization, as usual for biological tissues, where most scatterers are smaller than optical wavelengths, and thus operate in the Rayleigh regime. The negative values of μ C;A 44 for the fat layer correspond to a reversal of the sense of rotation of the electric field. 23 In Fig. 8 we present the results of the same kind of measurements, with the Lambertian substrate replacing the absorber. For samples 3, 4, and 5, the results are practically identical to the previous ones (Fig. 7) . This indicates that the light which may have traversed these samples to reach the substrate is already totally depolarized. Conversely, for samples 1 and 2 depolarization increases, especially in the red part of the spectrum. This is again a clear indication that a significant part of the light actually reaches the substrate, where it becomes totally depolarized while being scattered backwards, providing a totally depolarized contribution that increases the observed depolarization.
Conclusion
Polarimetric measurements of the light backscattered from colon samples at various steps of exfoliation and with two different substrates allowed us to quantify the fractions of light backscattered directly and indirectly (i.e., via the substrate) by the samples under study. For shorter wavelengths, a large fraction of backscattered light comes from the mucosa and submucosa, while for the larger wavelengths, the contribution of deeper layers (the muscular and fat layers) is also significant. The muscular layer, as well as fat, turns out to be highly depolarizing. For the fat layer the inversion of sign for circular polarization (μ C;S 44 ) was also observed. These results should prove useful for the interpretation of Mueller images of samples of colon and other organs with similar architecture, healthy or diseased. 
